Abstract The effects of N-ethylmaleimide (NEM), a sulfhydryl blocking reagent, on the membrane currents, action potentials and contractile tension in bullfrog atrial muscle were studied by using the double sucrose gap technique. In concentrations of 10-3 to 10-4 M, NEM led to a transient enhancement of twitch contraction followed by a late inhibition, while 10-2 M NEM merely produced an inhibitory effect. The positive inotropism was accompanied by a prolongation of action potential and the negative inotropism, by a depression of action potential. Under voltage clamp conditions, 10-3 M NEM reduced the fast inward current and increased the steady state outward and background currents. The slow inward current and the inward Ca current in Na-free conditions were transiently increased by 10-3 M NEM with an enhancement of contractile tension. In voltage-tension relationships, NEM-induced augmentation of tension appeared in depolarizing pulses of 60-70 mV. The results indicate that NEM increases transiently the Ca conductance of the cell membrane. Preincubation with L-cysteine blocked the production of positive inotropic effect by NEM, suggesting that the effects of NEM are due to the blockade of protein sulfhydryl group in the atrial muscle.
M. AOMINE and Y. ABE HUNEEUS-COX et al., 1966; KEANA and STAMPFLI, 1974; MARQUIS and MAUTNER , 1974) .
On the other hand, in the myocardium, little is known about the effects of sulfhydryl blocking reagents. KLEINFELD et al. (1964) reported a decrease in the resting membrane potential and in the overshoot of action potential in hog Purkinje fibers after application of p-chloromercuribenzoic acid (PCMB), and KLEINFELD and STEIN (1968) observed a positive inotropic effect of HgCl2 on the rat atrium. Recently, HALBACH (1975) found that HgCl2 caused a rapidly developing negative inotropic effect followed by a transient increase in the contractile tension of the guinea pig papillary muscle. The resting membrane potential, overshoot, and duration of action potential gradually decreased under the influence of HgCl2.
N-Ethylmaleimide (NEM) has been widely used in protein chemistry owing to its rather highly selective reaction with available sulfhydryl groups. NEM binds irreversibly to sulfhydryl groups, while the reaction of PCMB with sulfhydryl groups is reversible. In nerves, the effects of NEM on the resting membrane potential and action potential of frog sciatic nerve bundles (SMITH, 1958) and squid giant axon (HuNEEus-COX et al., 1966; MARQUIS and MAUTNER, 1974) have been reported. NEM is also known to inhibit the sarcolemmal Na, K-ATPase of cardiac muscle (SKOU and HILBERG, 1965; FRICKE, 1977) . FROM (1970) has reported that NEM shows a positive inotropic effect in the guinea pig atrial and ventricular muscles and that the pattern of the inotropism resembles that of digitalis. However, the detailed mechanism of the effects of NEM is still unclear. Thus far, a voltage-clamp technique, which permits observation of the action of the drug on the individual ionic currents, has not been employed. Therefore, the effects of NEM on membrane currents, action potentials and contractile tention in bullfrog atrial muscles were examined. Part of the results have already been published in a preliminary note (AOMINE and ABE, 1977) .
MATERIALS AND METHODS
A double sucrose gap technique was used to polarize and clamp the voltage of strips of muscle from the atrium of the bullfrog Rana catesbeiana. The muscle strips, which were approximately 0.8 mm in diameter and 6 to 8 mm in length, were isolated from the bullfrog heart at room temperature, and connective and fat tissues were removed as much as possible. After a short healing-over period (approximately 15 min) in normal Ringer solution, the muscle strips were mounted in a double sucrose-gap apparatus in which the width of the central test part was about 0.4 mm and that of the two sucrose part was about 1 mm. The width of the central test chamber was less than the space constant, 0.69 mm, of the bullfrog atrial muscle (BROWN et al., 1976) . Muscles were stimulated by a square pulse of 5 msec duration at a constant frequency of 6 shocks per min. The twitch tension was measured isometrically with a mechanoelectric transducer (Nihon Kohden SB-1TH) attached to one end of the muscle. Action potentials and currents were 
RESULTS
Effects of NEM on the contractile tension and action potential In bullfrog atrial muscles, NEM in concentrations from 10-7 to 10-2M caused changes in the contractile tension depending on the time after application (Fig. 1) . Among the concentrations used, 10-4 M of NEM showed the largest positive after the exposure, accompanied by an increase in the twitch tension. Later , a shortening of the duration occurred, following a decrease in contractile tension . On the other hand, the rate of rise of the action potential was gradually depressed by the drug, which was consistent with the reduction in the fast inward Na current described in the next section. The change in the resting potential was not observed under the influence of NEM.
Effects of NEM on the fast inward and steady state outward currents The effects of NEM on both the fast inward and outward currents in the bullfrog atrium were studied using a voltage-clamp technique. The muscle strips were equilibrated with Ringer solution for about 30 min prior to polarization, and then 2 sec rectangular voltage-clamp pulses were applied from the resting potential (-60 mV) at intervals of 20 sec in the absence or presence of NEM. The peak inward or minimum outward current in response to each clamp pulse was measured and plotted as a conventional current-voltage relation, without correction for background currents (Fig. 3) . After the control current-voltage relation had been obtained, 10-3 M of NEM was applied. At 10 min after exposure to the drug, the fast inward current (probably Na current) slightly decreased and at 30 min a further decrease of the current was observed as shown in Fig. 3 . The steady state outward current which was measured at the terminal of the 2 sec clamp pulse slightly increased at higher depolarizing pulses, and a decrease in membrane resistance was observed for hyperpolarizing pulses in the presence of the drug. Longer perfusion of the drug (for 30 min) led to a further decrease in the fast inward current and a further increase in the outward current. These effects were not reversed by washing with normal Ringer solution, suggesting that NEM effects were irreversible. However, it is difficult to evaluate quantitatively the fast inward current obtained by the voltage-clamp method, because of the initial incomplete clamped voltage. Effects of NEM on the inward Ca current and contractile tension Figures 4 and 5 show the results of a voltage-clamp experiment which was designed to test the effects of NEM on both the inward Ca current and contractile tension. The preparation was equilibrated with normal Ringer solution for 30 min and then perfused with Na-free Ringer solution (replaced by sucrose) for 30 min. Rectangular voltage-clamp pulses of 37 mV and 2 sec duration were applied from the resting potential (-60 mV) at intervals of 20 sec. Figure 4 exhibits actual simultaneous records of changes in the inward Ca currents and contractile tension by depolarizing pulses in the absence or presence of 10-3 M of NEM. In Fig. 5 , the time courses of effects of NEM (10-3 M) on both the peak inward Ca current Blocking effect of L-cysteine L-Cysteine is an amino acid which is known as a substance containing reacting sulfhydryl groups. If NEM reacts with sulfhydryl groups of protein on the cell membrane and the effect causes the changes in the contractile tension and currents, the protection of sulfhydryl groups by L-cysteine should cause a decrease in these changes.
Atrial muscles were perfused with Ringer solution containing 10-2 M Lcysteine for 10 min, and NEM (10-3 M) was added; it was also added to muscles in the absence of L-cysteine for the control. Figure 8 shows the time course of 
DISCUSSION
Sulfhydryl blocking reagents have been reported to produce a positive inotropic effect in the cardiac muscles (KLEINFELD and STEIN, 1968; FROM, 1970; FROM and PROBSTFIELD, 1971 ; HALBACH, 1975 of a depression of the sodium-carrying system resulting in a decrease in the inward Na current. SMITH (1958) reported that blockade of the sulfhydryl groups in the lobster and frog nerve resulted in a loss of excitability and in the reduction of the resting potential. According to SHRAGER (1977) , exposure to NEM results in a specific reduction in sodium conductance in crayfish axons, while the resting potential, a delayed rise in potassium conductance, and selectivity of the sodium channel are unaffected. In the present work, NEM led to a depression of the fast inward current (probably Na current) (Fig. 3) , suggesting that it modified the sodium channel by direct and/or indirect actions. Moreover, the terminal outward current produced by various depolarizing pulses (2 sec) was enhanced by exposure to NEM. This enhancement was not reversed by washing out with normal Ringer solution. This may be due to a decrease in membrane resistance owing to the irreversible blockade of membrane sulfhydryl groups. The augmentation of contractile tension by NEM was accompanied by an increase in the inward Ca current which was mainly responsible for the plateau phase of the cardiac action potential. The slow inward current is supposed to be carried by Ca and Na ions through the slow channel (MASCHER and PEPER, 1969; REUTER and BEELER, 1969; ROUGIER et al., 1969; KIMOTO et al., 1974) . According to TARR (1971) and BENNINGER et al. (1976) , the slow inward current in the frog atrial muscle is primarily carried by Ca ions. In Na-free Ringer solution, the inward Ca current produced by constant depolarizing pulses (about 37 mV) increased transiently under the effect of 10-3 M NEM. The contractile tension triggered by the same pulse was enhanced concomitantly. The time course of changes in the tension agreed well with that of the inward Ca current (Fig. 4) . It has been reported that the Ca current attained the maximal value at depolarizing clamp pulses of 60 to 80 mV from the holding potential of -60 mV (LEOTY and RAYMOND, 1972; VASSORT and ROUGIER, 1972) . The peak value of this NEMinduced tension was given at depolarizing clamp pulses of about 60 to 70 mV. This value is almost consistent with the maximal value of Ca current at various depolarizing clamp pulses. Therefore, it seems valid to state that NEM transiently causes an increase in the Ca conductance of cell membrane.
We wish to stress that the results of the present experiments are probably attributable to a blockade of sulfhydryl groups in the membrane, since the NEM effects do not appear when a substance containing reactive sulfhydryl groups, such as cysteine is added (Fig. 8) . The sulfhydryl groups probably play a major role with respect to both the structure and function of the cell. A possible explanation for functional alterations resulting from the blockade of sulfhydryl groups is that the structure of the membrane surface is changed as a result of removal of sulfhydryl groups available for cross bonding. In the present work, one of the primary characteristics of the NEM effects is an evident augmentation of the Ca current responsible for the increase in the contractile tension. However, a decrease in the Ca current occurred at a later stage after exposure to the It may be concluded from these results that the effects of NEM on the bullfrog atrium are due to the conformational changes of proteins constituting the structure of the cell membrane of the cardiac muscles.
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